Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132), a peptide aldehyde proteasome inhibitor, can inhibit tumor progression by inactivating nuclear factor (NF)-kB signaling. Paclitaxel (PTX) is part of a routine regimen for the treatment of breast cancer. However, activation of the NF-kB pathway after treatment with PTX confers insensitivity to this drug. This study investigated the potential effect of MG132 as a co-treatment with PTX against breast cancer, and clarifies the underlying molecular mechanisms.
Background
Breast cancer is one of the most common cancers worldwide [1] . To date, despite advances in surgery and radiotherapy, paclitaxel (PTX)-based combinational adjuvant chemotherapy is still considered standard treatment for patients with breast cancer. Clinically, some patients respond very positively to PTX-based combinational chemotherapies and tolerate the treatment well. In contrast, others exhibit no initial benefit or the treatment must be stopped because of severe adverse effects [2] .
PTX reportedly exerts an anti-tumor effect by inhibiting cancer cell division. However, PTX can also up-regulate nuclear factor (NF)-kB activity, which might lead to cancer cell resistance to chemotherapeutic agents [3] . In addition, targeted degradation of inhibitor of kB (IkB) has been reported in cancer cells during PTX-based treatment, followed by decreased therapeutic responses [3] .
Destruction of IkB activates NF-kB, which is rapidly translocated into the nucleus [4] [5] [6] , where NF-kB unites homologous sites in the promoter areas of genes encoding pro-inflammatory cytokines, cell adhesion molecules, and anti-apoptotic proteins [7] [8] [9] [10] . Moreover, NF-kB has a role in regulating cell viability and apoptosis [11] [12] [13] . NF-kB is up-regulated in many human cancers, including breast cancer, and is involved in the development and progression of various cancers [14, 15] . Activation of the NF-kB-mediated transcriptional response is an important feature of certain malignancies [16, 17] , and may promote tumor cell survival and reduce the effectiveness of drug or radiation therapies [18, 19] . Importantly, NF-kB also activates the transcription of IkB and itself, effectively serving as a molecular augmenter to sustain its own transcriptional activity.
Inhibiting the degradation of IkB can effectively block NF-kB signaling. Furthermore, phosphorylation of specific serine residues in the N-terminus of IkB can cause ubiquitination of internal lysine residues [20] [21] [22] , marking the protein for proteasomal degradation. Recently, participation of the proteasome in the functional regulation and degradation of proteins, such as oncoproteins, cell cycle proteins, and tumor suppressors, has been extensively investigated [23] . In addition, proteasome inhibitors can inhibit NF-kB signaling by causing degradation of IkB [24] .
Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132) is a peptide aldehyde proteasome inhibitor capable of also inhibiting other proteases such as calpains and cathepsins. MG132 exhibits an anti-tumor effect in multiple tumor models and cell lines. For example, MG132 inhibits invasion and induces apoptosis in human malignant pleural mesothelioma [25] and glioblastoma [26] cells. As an adjuvant agent, MG132 can promote curative effects in a wide variety of tumors [26] . However, the role of MG132 administration in breast cancers has not been studied extensively. Furthermore, its potential role in enhancing the efficacy of PTX by degrading IkB has not been investigated. Based on its role in other cancers, we hypothesized that MG132 enhances the therapeutic effect of PTX on breast cancer cells, and that NF-kB signaling is involved in this process. To test this hypothesis, the present study investigated whether a combination of MG132 and PTX would increase the efficacy of treatment compared with PTX alone. In addition, we sought to clarify the underlying molecular mechanisms.
Material and Methods

Reagents
Penicillin, streptomycin, and fetal bovine serum (FBS) were purchased from Life Technologies (Shanghai, China). Secondary and primary antibodies were purchased from Proteintech (Rosemont, IL, USA), except for the matrix metalloproteinase (MMP)2 antibody, which was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell lines and cell culture
MCF-7 cells (a human breast cancer cell line) and human umbilical vein endothelial cells (HUVECs) (a normal cell line) were acquired from the Institute of Biochemistry and Cell Biology, CAS (Shanghai, China). The mouse breast cancer cell line EO771 was provided by Professor Helen Arthur, Institute of Genetic Medicine, Newcastle University, UK. EO771 cells, MCF-7 cells, and HUVECs were cultivated in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS (Gibco, Gaithersburg, MD, USA).
Cell viability assay
Cells (2×10
3
) were added to 96-well plates with 100 µL of DMEM in each well and were treated with MG132 (0, 0.25, 0.5, 1, and 2 µM) or PTX (0, 0.1, 0.5, 1, and 2 µM) for 24, 48, and 72 h. Combination treatments included MG132 plus PTX at concentrations of 0.25 and 0.1 µM, or 0.5 and 0.5 µM, respectively, for 24 h. Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/mL in phosphate-buffered saline (PBS) was added at 10 µL per well and the plates were incubated in 5% CO 2 at 37°C for 4 h. To solubilize the formazan crystals, 150 µL of dimethyl sulfoxide was added. Absorbance of each well was measured at 490 nm on a microplate reader (M200PRO; Tecan, Männedorf, Switzerland). To assess the synergistic inhibitory effect of the combined drugs, we used the coefficient of drug interaction (CDI) as described previously [27, 28] . The CDI was calculated using the following formula: CDI=AB/(A×B) where A and B are the single drug groups compared to the control group, and AB is the combination group compared to the control group. When the CDI is less than, greater than, or equal to 1, the drug interaction is deemed synergistic, antagonistic, or additive, respectively. A CDI of less than 0.7 indicates a significant synergistic effect [27, 28] .
Flow cytometric analysis of apoptosis
Fluorescein isothiocyante (FITC)-labeled Annexin V and 7-aminoactinomycin D (7AAD) were used to determine the extent of apoptosis, following the manufacturer's instructions. Briefly, ice-cold PBS was used to wash the cells twice. The cells (1×10 6 cells/mL) were then resuspended in 1 mL 1× binding buffer, followed by addition of 100 µL 1× binding buffer containing 5 µL FITC-labeled Annexin V. The samples were vortexed lightly, incubated in a dark chamber for 10 min, and then incubated with 5 µL 7AAD. Finally, 400 µL 1× binding buffer was added to each tube. Flow cytometry was performed on a BD Calibur instrument (BD Biosciences, San Jose, CA, USA) within 1 h of incubation and FlowJo software (FlowJo, Ashland, OR, USA) was used for analysis.
Cell cycle analysis
After treatments as described in the cell viability assay section, cells were washed twice with PBS and then trypsinized. The detached cells were collected and added to 1 mL pre-cooled 70% ethanol for over 2 h. The cells were then incubated at 37°C for 1 h with 1 mL RNase (0.25 mg/mL). After incubation, the cells were resuspended in a propidium iodide solution (50 µg/mL) and incubated for 30 min in the dark. Flow cytometry was used to analyze the cell cycle.
Wound healing assay
A wound healing assay was used to assess cell migration as described previously [29] . Briefly, 1×10
6 EO771 cells were added to each well of a 6-well plate and incubated overnight. A 200-µL pipette tip was used to make a scratch wound in the cell monolayer. Cells were gently washed 3 times with PBS, and cultivated in medium without FBS. Cell migration was determined after 24 h by analyzing a photograph of the wounded site with Image J software (National Institutes of Health, Bethesda, MD, USA).
Cell invasion assay
Matrigel-precoated Transwell inserts were used to conduct the cell invasion assay. Cells (1×10 5 ) were resuspended in 200 µL DMEM without serum and added to the top chamber. Medium (600 µL) containing 10% FBS as a chemoattractant was added to the lower compartment. After incubation at 37°C under 5% CO 2 for 24 h, cells on the upper surface of the Transwell membrane were removed with a cotton swab. Cells on the lower surface of the membrane were fixed for 20 min with 4% paraformaldehyde and stained with 0.1% crystal violet for counting.
Western blotting
Total proteins were extracted using RIPA lysis buffer (Beyotime Biotechnology, Jiangsu, China). Equal amounts of protein (80 μg) were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to a polyvinylidene difluoride membrane. Blocking was performed for 1 h with 5% skim milk in Tris-buffered saline containing 1% Tween 20. The following primary antibodies were incubated with the membranes at 4°C overnight: NF-kB (10745-1-AP), pNF-kB (phospho-Ser536, #AB11014), IkBa (51066-1-AP), cyclin B1 (55004-1-AP), Cdc2 (10762-1-AP), Bax (50599-2-Ig), Bcl-2 (26593-1-AP) (all 1: 1000), and MMP2 (1: 1000, sc-13595). Subsequently, membranes were incubated with anti-mouse or anti-rabbit secondary antibodies (1: 2000) . A LAS4010 reader (GE Healthcare. Pittsburgh, PA, USA) was used to visualize bands stained with the EasySee Western Blot Kit (TransGen Biotech, Beijing, China). Densitometric analysis of protein bands was performed using ImageJ software with b-actin (1: 5000, Proteintech) as the control.
Nuclear/cytoplasmic extraction
Cytoplasmic proteins were separated in a buffer mixture containing 2 mM dithiothreitol, 1 mM Na 3 VO 4 , 1 mM phenylmethyl sulfonylfluoride, 1 mM NaF, and Protease Inhibitors Cocktail (Sigma-Aldrich). This was added to L1 buffer (2 mM EDTA, 50 mM Tris-HCl, pH 8.0, 10% glycerol, and 0.1% NP-40). Nuclear pellets were washed twice with the buffer mixture and then lysed in NP-40 lysis buffer (1 mM EDTA, 250 mM NaCl, 0.1% NP-40, 10% glycerol, 50 mM Tris-HCl, pH 8.0) to which proteasome inhibitors cocktail was added. A bicinchoninic acid protein assay kit (Boster, Wuhan, China) was used to quantify protein concentrations.
Immunofluorescent cell staining
Cells (3×10 3 ) were grown on chamber slides and fixed with paraformaldehyde for 10 min. Triton X-100 (0.5% in PBS) was added for another 10 min to permeabilize the cells. After washing with PBS, cells were blocked with 1% bovine serum albumin and 5% normal goat serum for 1 h. Cells were then incubated with rabbit polyclonal antibodies specific for pNF-kB (1: 100) at 4°C overnight. After another washing in PBS, the cells were incubated for 1 h in the dark at 37°C with secondary antibodies (1: 2000) . Finally, the cells were stained for 5 min using 4',6-diamidino-2-phenylindole (Solarbio, Beijing, China) and photographed under a fluorescence microscope.
Animal models of breast cancer
A total of 24 C57BL/6 female mice aged 8-12 weeks were used. All experimental procedures were approved by the First Affiliated Hospital of Jinzhou Medical University Ethics Committee. Trypsinization was used to detach EO771 cells. Orthotopic allografts were performed by injecting 1×10 6 cells into each mouse mammary gland in situ (n=6 mice/group). On days 10, 12, and 14 after cell injection, mice were injected intraperitoneally with 2 mg/kg 0.9% saline (control), 2 mg/kg PTX, 2 mg/kg MG132, or 1 mg/kg PTX and 1 mg/kg MG132. Tumor growth was observed for a total of 15 days, at which time the mice were euthanized, photographed, and the tumors used for further analyses. Tumor volume was calculated using the following formula: (W(2)×L)/2, where W is tumor width and L is tumor length.
Immunohistochemistry (IHC)
Paraffin-embedded sections (4-μm thick) were prepared. The sections were deparaffinized using xylene and rehydrated in graded alcohol (100-80-50-30%). For antigen retrieval, sections were heated in citrate buffer (pH=6.0) (TRS; Dako, Kyoto, Japan) using the high-pressure method. Rabbit anti-pNF-kB or rabbit anti-NF-kB (both 1: 100) were incubated with the sections for 2 h. Then, an anti-rabbit antibody conjugated to horseradish peroxidase (Dako) was added for 1 h. The binding sites were visualized with diaminobenzidine staining. Sections were photographed using an LSM 700 confocal imaging system (Zeiss, Oberkochen, Germany).
Statistical analysis
Each experiment was carried out at least 3 times. Data are presented as means ± standard deviation and were analyzed using SAS-JMP 11 software (SAS, Cary, NC, USA). To measure the significance of differences in multiple comparisons, we used an analysis of variance and post hoc test. p<0.05 was regarded as statistically significant.
Results
Effect of PTX combined with MG132 on aggressive breast cancer cell phenotypes
To clarify the combined effect of PTX plus MG132 versus PTX or MG132 alone on breast cancer cells, optimized concentrations were first determined on the basis of minimal impact on the viability of HUVECs. Based on the MTT assay, treatment with PTX or MG132 alone reduced the viability of both EO771 and MCF-7 cells in a time-and dose-dependent manner (Figure 1A, 1C ; p<0.05). A synergistic effect on EO771 and MCF-7 cell viability was observed following a combination of PTX and MG132 (Figure 1B, 1D ; p<0.05). In contrast, 0.25 µM MG132 did not affect viability nor increase the effect of PTX on HUVECs (Figure 1E, 1F) .
The CDI was calculated to assess the presence of a drug interaction. Results indicated that the CDI was less than 0.7, indicating a significant synergistic inhibitory effect of MG132 and PTX on EO771 and MCF-7 cells.
The effects of treatment with PTX and/or MG132 on cell cycle, apoptosis, migration, and invasion were analyzed. PTX and/or MG132 induced apoptosis and G2 arrest in a dose-dependent manner in both EO771 and MCF-7 cells (Figure 2A , 2B, 2D, 2E). In HUVECs, 0.25 µM MG132 did not induce G2 arrest or apoptosis, nor did it enhance the effect of PTX ( Figure 2C , 2F). The Transwell invasion and wound healing assays revealed that PTX and/or MG132 weakened the invasion and migration abilities of these cells ( Figure 3A-3D ). In addition, PTX and MG132 acted synergistically to cause cell cycle arrest, induce apoptosis, and inhibit cell migration and invasion in EO771 and MCF-7 cells.
Protein expression of phenotype-related and NF-kB pathway-related molecules in EO771 and MCF-7 cells after exposure to PTX and/or MG132
Western blotting showed that Bax levels increased more in the combination groups than in PTX monotherapy groups, whereas the opposite was observed for cyclin B1, Cdc2, Bcl-2, and MMP2 in both EO771 and MCF-7 cells ( Figure 4A ).
To determine the participation of NF-kB signaling in breast cancer cells after exposure to PTX, the levels of NF-kB, pNF-kB, and IkBa were assessed by Western blotting. Compared with the PTX monotherapy groups, the levels of NF-kB and pNF-kB decreased significantly after treatment with PTX and MG132, whereas the expression of IkBa was remarkably higher in the combination group ( Figure 4B ). Cytoplasmic and nuclear translocation of pNF-kB was evaluated separately. Our findings demonstrate that expression of pNF-kB was markedly decreased in the combination group ( Figure 4B, 4C) . Together, these results support our hypothesis that MG132 influences PTX by regulating NF-kB signaling.
Effect of PTX and/or MG132 on tumor growth in vivo
To examine the effect of combined PTX and MG132 therapy on breast cancer in vivo, mice were inoculated with EO771 cells and treated with PTX and/or MG132. The tumor volumes of EO771 allografts were smaller following combined treatment than in the other groups ( Figure 5A , 5B). After treatment with MG132 and PTX, breast cancer tissue showed a lower expression of NF-kB and pNF-kB, and higher expression of IkBa, than the single-treatment groups ( Figure 5C ). IHC staining of tumor tissue also showed lower expression of NF-kB and pNF-kB in the combination group than in the single-treatment groups ( Figure 5D ).
Discussion
Currently, PTX-based combination chemotherapy is considered a standard treatment for patients with intractable breast cancer [30] . Nevertheless, limited efficacy and high toxicity are still major concerns with this approach. Therefore, there is an 
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increasing demand to discover novel agents with greater efficacy and reduced toxicity for the treatment of breast cancer.
PTX stimulates the phosphorylation and inactivation of IkB, leading to activation of the NF-kB pathway. This restores the aggressive phenotype of cancer cells associated with reduced treatment efficiency and overall survival [3] . Our results are consistent with previous studies demonstrating that the proteasome inhibitor MG132 exerted an anti-tumor effect by inhibiting activation of NF-kB [31] . MG132 inhibits IkB degradation and inactivates the NF-kB pathway [32] . In vitro, MG132 showed potent cytotoxicity against 2 breast cancer cell lines but, at least at low concentrations, it did not affect the viability of normal HUVECs. Data from the in vivo experiment confirmed the efficacy and safety of MG132, which was evidenced by a reduction in tumor volume in C57BL/6 mice. These findings are in agreement with previous reports, indicating that MG132 may have potential selectivity toward tumor cells, thus reducing undesirable cytotoxicity to normal cells [33] . 
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Proteasome inhibitors not only have a significant anti-tumor effect, but they can also be combined with other chemotherapy drugs for better anti-tumor efficacy [34] . Dong et al. reported that proteasome inhibitors combined with cisplatin were more effective than cisplatin alone in killing ovarian cancer cells [35] . Nakano et al. reported that MG132 increased the sensitivity of tumor cells to radiotherapy [36] . Warren et al. found that MG132 increased the sensitivity of cancer cells to radiation therapy and improved the therapeutic outcome [37] .
Héctor et al. reported that PTX-induced cytotoxicity was improved after combining PTX and the proteasome inhibitor MG132. Consistent with our study, MG132 appeared to enhance PTX cytotoxicity, particularly if administered after PTX [38] . A possible explanation for these results involves activation of NF-kB by PTX, which is otherwise suppressed by MG132. We report that PTX combined with MG132 significantly suppressed viability, migration, and invasion, and induced apoptosis and G2 arrest. The effect was much greater than in the PTX monotherapy group. In an in vivo tumor inhibition assay, PTX and MG132 together potently inhibited the growth of EO771 cells 301 in C57BL/6 mice, surpassing the outcome of the PTX group. Mechanistic studies showed that the suppression of viability, migration, and invasion, as well as the induction of apoptosis and G2 arrest brought by a combination of PTX and MG132, might have involved inhibition of the NF-kB pathway. These findings not only indicate the therapeutic potential of combined PTX and MG132 therapy for breast cancer, but also provide valuable insight into their mechanism of action.
Although the molecular mechanisms underlying these findings are still poorly researched, our results provide some insight into the signaling pathway leading to the synergistic effect of PTX and MG132 in breast cancer cells. Phosphorylation and degradation of IkB were shown to play a pivotal role in activating NF-kB, being closely related to decreased sensitivity to PTX-based chemotherapy [39] . Consistent with those findings, our results showed up-regulation of NF-kB-related proteins. Previous studies indicated that inactivation of NF-kB significantly inhibited tumor growth and development [40] . Our results also indicate that MG132 up-regulated IkB expression and down-regulated the protein levels of NF-kB and pNF-kB. This suggests that MG132 enhances the efficacy of PTX via inactivation of the NF-kB pathway. Furthermore, we report that expression of Bcl-2, cyclin B1, Cdc2, and MMP2 is down-regulated, but Bax is up-regulated, following treatment with PTX plus MG132 ( Figure 4A) . A schematic representation of the hypothesized effect of PTX and MG132 on NF-kB signaling is displayed in Figure 6 .
Conclusions
The results of this study demonstrate the synergistic anti-tumor activity of PTX and MG132 against breast cancer both in vitro and in vivo. Mechanistic studies indicate that induction of apoptosis and G2 arrest, and suppression of viability, migration, and invasion play important roles in the synergistic antitumor activity of PTX and MG132, which is likely to be mediated by the NF-kB pathway. These findings suggest the potential usefulness of MG132 as an adjuvant in breast cancer treatment and support further preclinical and future clinical testing.
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